Summary: The analysis of positron emission tomography measurements of oxygen metabolism has been extended to provide a quantitative estimate of end-capillary Pa2. The principle of this extension rests on the idea that the oxygen extraction fraction can be used to calculate the end-capillary oxygen saturation of the blood. The relation between oxygen saturation and Pa2 is obtained through the oxygen dissociation curve. Our studies show that in addition to the local oxygen extraction fraction, arterial Pa2 and pH values are needed in the calculation, whereas fairly large variations in factors such as Pca2, hematocrit, hemoglobin, and plasma protein levels have little or no effect. Rough estimates of end-capillary Pa2 can be made
The level of local tissue oxygenation is recog nized as an important index of tissue status. Studies of local tissue POz have been made in animal prepa rations using oxygen-sensitive microelectrodes (Silver, 1965; Whalen et aI., 1967) . Local POz has been shown to fall to very low levels in experi mental models of tissue hypoxia and in situations mimicking acute stroke; and it is thought that an oxygen-deficient state exists in some tumors, in creasing the therapeutic radiation dose require ments two to three times over that in tumors with normal POz [see Fisher et aI. (1986) for a recent review of the rationale for the use of perfluoro chemicals and hyperbaric oxygen in radiation therapy]. Hence, a method of assessing local tissue oxygenation in vivo might be useful both for diag nostic purposes and for optimizing radiation therapy.
using standard O2 dissociation nomograms. Blood gas and acid-base properties of blood have been known for decades, making it possible to account accurately for in dividual differences that may be encountered when studying patients. Measurements in nine normal subjects yielded a mean end-capillary Pa2 value of 31.2 mm Hg. The ability to make a quantitative visualization of altered patterns of end-capillary Pa2 provides an additional di mension to the investigation of stroke disease and tumor metabolism. Key Words: End-capillary Pa2-Oxygen metabolism-Positron emission tomography-Tissue oxygenation.
Local tissue oxygenation is dependent on several factors, among which are the POz of the arterial blood and the local rate of oxygen consumption. As blood passes through the tissue capillary bed, the oxyhemoglobin is partially de saturated owing to re duced capillary and tissue Po2, the Bohr effect, and oxygen consumption. With positron emission to mography (PET) it is possible to measure the local oxygen extraction fraction (OEF) and the regional CBF, and these measurements combined with the arterial blood oxygen content provide a quantita tive measure of the amount of oxygen entering the respiratory chain. However, the physiological sig nificance of the OEF and its relationship to the local O2 tension have not been clarified. To address these issues, we have examined the possibility of deducing the end-capillary P02 from a measurement of the OEF and arterial blood data. Knowledge of this quantity should be sufficient to provide at least a rough estimate of the free O2 content in tissue volumes imaged with PET scanning.
In this article we outline a method for estimating the local end-capillary Po2• The method depends on measurement of the OEF, arterial blood gases, and arterial pH. First, a simplified overview is pre sented to give the basic principle of the method. This is followed by a more detailed description, which takes into account the various complicating factors affecting end-capillary Po2. Finally, a method for mapping the local end-capillary P02 is described and applied in a pilot study of normal subjects and stroke patients.
OVERVIEW
Several methods have been developed for the measurement of local oxygen consumption in the brain (Jones et aI., 1976; Frackowiak et aI., 1980; Mintun et aI., 1984) . Reviews of results obtained using these techniques have been given by Leenders et aI. (1984) and Mazziota and Phelps (1986) . The local OEF is the fractional arteriove nous difference in O2 content, and this parameter is important in all of these methods. As pointed out by Jones and colleagues (1976) , the OE F expresses the balance between supply of O2, via CBF, and demand for O2, via O2 utilization. Ox ygen is thought to be transported by diffusion from higher concentration in the capillaries to lower concentra tion in the tissues (see Silver, 1965; Whalen et aI., 1967) . In a steady physiological state, local O2 utili zation maintains gradients of O2 tension between intravascular and extravascular spaces in the tissue. If oxygen consumption in the tissue falls, owing to a reduction in metabolic activity, tissue and ultimately capillary P02 tend to rise and less O2 will be released from the hemoglobin. This implies that reduced OEF is associated with increased tissue P02 and end-capillary Po2.
By definition, the OEF is described by the equa tion
where [02]a is the arterial O2 concentration in milli liters of O2 per milliliter of blood 1 and [02]v is the end-capillary O2 concentration. Neglecting oxygen dissolved in blood plasma, the O2 content of the blood can be computed from (2) where the constant 1.39 is the O2 capacity of the hemoglobin, [Hgb] is the hemoglobin concentration of the blood, and 02sat is the fractional oxygen sat uration of the hemoglobin (West, 1979) . Hence, the end-capillary O2 saturation can be closely approxi mated by the equation 1 Throughout the rest of this article, we will use the subscripts "a" and "v" to denote arterial and end-capillary quantities. re spectively.
J Cereb Blood Flow Metab, Vol. 8, No.3, 1988 Equation 3 is the fundamental relation neded for our purpose. The oxygen dissociation curve ex presses the relation between the fractional oxygen saturation of the blood and the blood Po2. Conven tionally, O2 saturation is regarded as the dependent variable and P02 as the independent variable. With this curve and measurements of the arterial Po2, percentage O2 saturation can be readily deter mined. The O2 saturation of arterial blood can be measured routinely during PET studies from an ar terial blood sample, thereby determining the end capillary O2 saturation. By considering the O2 satu ration as the independent variable, we can use the dissociation curve to determine the Po2. In the nonideal case, the effects of capillary pH, varia tions in Peo2, and blood buffering must be esti mated so that the correct end-capillary dissociation curve may be chosen for estimation of end-capillary Po2. Methods for accounting for these effects are discussed below.
THEORY
It is well known that the hemoglobin in the red cells carries the vast majority of oxygen in the blood. The major factors affecting the O2 saturation of the hemoglobin are the plasma Po2, Peo2, and pH; but temperature and the concentration of blood buffers, such as proteins, also play a role in deter mining the O2 saturation of the blood at a given Po2• Changes in these factors effectively shift the ox ygen dissociation curve to either the right or left; these effects have been extensively studied by Severinghaus (1965) , Van Slyke and Sendroy (1933) , Van Slyke et aI. (1928) , Siggaard-Anderson (1966), and Rossi-Bernardi and Roughton (1967) . Woodbury (1974) has given an excellent review of blood buffering.
Both end-capillary pH and Peo2, differ from their respective arterial values, primarily as a result of the steady-state consumption of oxygen. During aerobic metabolism a molecule of CO2 is produced for each molecule of oxygen consumed; hence, under steady-state conditions, the oxygen con sumption rate is equal to the rate of production of CO2, This can be expressed mathematically as where F is the local CBF. Using Eq. 1, the increase in CO2 concentration, �[C02], can be expressed as a function of the OE F:
The additional CO2 will lower the blood pH.
The regulating effect of blood buffers on pH can be summarized by the buffer equilibration line re lating the [HCO "3] and blood pH (Woodbury, 1974) . Ta king into account the O2 saturation level, the plasma protein level, and hematocrit, the buffer line can be well approximated by a linear equation (Woodbury, 1974) : (7) where (3 is the buffer value for whole blood. 
and the equation for the buffer line, it is easy to show that
In pathological states, where O2 consumption and glucose consumption are not strongly coupled, it may be necessary to account for the effect of lac tate production on end-capillary pH. If steady-state conditions prevail with respect to lactate, blood lactate levels will rise until clearance by blood flow and intracellular production rates are equal. As suming anaerobic glycolysis produces two mole cules of lactic acid for each molecule of glucose consumed, and that six molecules of oxygen is re quired for oxidative metabolism of one molecule of glucose, the end-capillary lactate concentration will be increased compared with the arterial level by an amount where GEF is the net glucose extraction fraction and [GI]a is the arterial blood glucose concentra tion. Then, the effect of adding this strong acid can be included in the buffer equilibration line as
Conceptually, P02 can be viewed as a function of plasma pH, Peo2, O2 saturation, hematocrit, plasma pro tein concentration, and, optionally, patient temperature. Detailed experimental data, available from the work of Severinghaus (1965) , can be used to construct functions describing the O2 saturation in terms of the same vari ables. Kelman (1966) developed one parametrization of these data, which was later modified by Thomas (1972) to improve the results at low O2 saturations. For our work, we used the Fortran subroutine of Thomas (1972) (with slight modification), inverting the functional relationship and solving for P02• Equations 1-9 were programmed to compute end-cap illary values of pH, Pe02, and O2 saturation as a function of OEF. The nonlinear equations for P02 and end-capil lary pH were solved numerically.
The buffer value of whole blood was calculated as out lined by Woodbury (1974) , according to the equation (12) where Hct denotes the hematocrit, [pp] denotes plasma protein concentration, I)protein denotes the buffer value for proteins, I)Hgb denotes the buffer value of hemoglobin, and [H20] is the water content of blood (mllml). In these calculations the value of I)protein was taken to be 0.1 mmol acid/g-pH, the value of I)Hgb was taken to be 3.0 mmol acid/mmol Hgb, and [HzO] was taken to be 0.84. Hemo globin concentrations in milliliters per milliliter of blood were converted to millimoles per milliliter by dividing by 16.7 g/mmol, the combining weight of hemoglobin (Edsall and Wyman, 1958) .
We computed end-capillary P02 in millimeters of mer cury as a function of OEF, varying OEF over the range 0.05-0.95 in steps of 0.05. Other input variables to the calculations were arterial values of plasma pH, Po2, and Pe02, hematocrit, plasma protein concentration, and he moglobin concentration.
The sensitivity of the calculation of local end-capillary P02 to variations in the blood gas values, arterial pH, and blood buffering factors was investigated as follows: Cal culation of P02 was made for nominal values of the input parameters and then repeated varying each of the above, one at a time, from their nominal value over their physio logical range. Ta ble 1 shows the input parameters and the nominal values assumed.
Nine normal subjects and six stroke patients under went PET studies of blood flow, OEF, and oxygen me tabolism using the steady-state method (Frackowiak et aI., 1980 ) and a Scanditronix PC-384 positron tomograph (Litton et aI., 1984) . The normal group consisted of five women and four men, with ages ranging from 21 to 68 years. An individually molded head holder was con structed for each subject and used for positioning in both the PET and the x-ray computed tomography (CT) scanners. A small catheter was placed in a radial artery for blood sampling. Subjects breathed 150 gas for 10 min or until steady state was attained. Then, PET scans were measured for 6 min, the bed was moved 14 mm, and PET scans were measured for another 6 min. Arterial blood samples, obtained every 2 min during the scanning pe riod, were used for blood gas determinations and for mea surement of the arterial concentrations of labeled water and oxyhemoglobin. The imaging procedure resulted in six scans parallel to the orbitomeatal line (OM), begin-nin � at OM + 16 mm and spanning virtually the whole brain. Local cerebral blood volume (CBV) was not mea sured in our studies, but the calculation of OEF included a CBV correction with a nominal value of 0.04% used according to the method of and .
.
Quantitative maps of end-capillary P02 were computed In two steps: First, each subject's blood gas and arterial pH d . ata were used to calculate end-capillary P02 as a functIOn of OEF (for 0 < OEF < 1.0), creating a table of 1,000 elements. Second, the subject's OEF map was ex amined, pixel by pixel, and each nonzero OEF value was used to look up the corresponding value of end-capillary P02 from the table.
The � tudies on the normal subjects were analyzed to det � r � In � average y alues and to see if there were any VarIatIOn In end-capillary P02 between cerebral white and gray matter. For this purpose, the CT scans for each sub ject were registered with their PET scan. Regions of in terest were selected on CT scan, in both hemispheres, to represent temporal gray matter and white matter in the centrum semiovale . The data for each subject were pooled to give estimates of mean end-capillary Po in "white" and "gray" on nine subjects. Statistical anal�sis was carried out with the SAS System (SAS Institute Inc., Cary, NC, U.S.A.). Figure 1 shows end-capillary P02, Pc02, and pH as a function of OEF for the nominal values of arte rial blood gases, hematocrit, hemoglobin, and plasma protein levels given in Ta ble 1. End-capil lary Pc02 (Fig. 1, bottom ) rises nearly linearly with increasing OEF, whereas end-capillary pH (Fig. 1 , center) falls nearly linearly with increasing OEE End-capillary POz (Fig. 1, top) decreases as a func tion OEF, falling from arterial P02 levels at OEF = o to zero at OEF = 1. The functional relationship between end-capillary P02 and OEF is nonlinear, more or less sigmoid in shape.
RESULTS
The effect on end-capillary P02, Pc02, and pH due to variations in arterial blood quantities from their normal values are studied. Changes in arterial pH had the largest effect. Figure 2 shows the effect on end-capillary P02 found for variation of arterial pH over the range 7.2-7.6. End-capillary P02 falls with decreasing pH. The change in end-capillary P02 in response to a change in arterial pH is highest at low values of OEE For example, at OEF = 0.2, a 0.1 drop in pH a resulted in a drop of end-capillary P02 of -2 mm Hg; while at OEF = 0.8, the drop in end-capillary P02 is <1 mm Hg. Changing pHa did not affect the linear relation between end-capillary Pc02 and OEF, but the slope of the curves in creased with pHa' Changes in end-capillary pH were roughly equal to the changes in pH a , with the curves being shifted without a change in slope.
The response of end-capillary POz to changes in arterial P02 is shown in Fig. 3 Table 1 ).
of 120, 100, 80, and 60 mm Hg. Most of the effects are seen at low values of OEF where end-capillary P02 approaches the arterial level, but for P02 = 60 mm Hg a significant reduction can be seen for OEF in the range 0.2-0.5.
The response of end-capillary P02 to a lO-mm Hg change in arterial Pc02 was small, < 1 mm Hg at all values of OEE The effects of varying plasma pro tein levels, hemoglobin, and hematocrit from their normal values were also assessed. These were all very small and could be neglected except in the most extreme situations. The model described above was applied on a pixel-by-pixel basis to OEF measurements in a population of normal subjects and a population of stroke patients. Sample results are shown in Figs. 4 and 5. Figure 4 shows OE F and end-capillary P02 in a normal subject. Local variation of end-capillary P02 is small because local OEF is nearly constant in normal subjects. The P02 maps of the normal sub jects were analyzed to determine the end-capillary P02 in regions composed predominantly of white and gray matter. Ta ble 2 summarizes the blood flow and oxygen metabolism data for gray and white matter in these subjects. Mean end-capillary P02 was 30.4 (SEM = 0.7) mm Hg in regions of interest with high proportions of gray matter and 32.0 (SEM = 0.9) mm Hg in regions of interest composed pre dominantly of white matter. A similar comparison of OEF and end-capillary P02 is shown in Fig. 5 for an acute stroke patient. This study provides an example of focal increases and decreases of P02 in the same brain slice. In all six stroke patients studied, focal variations in OEF were demonstrated. Consequently, the end-capil lary P02 also showed significant variation: In re gions with profoundly decreased OE F, end-capil lary P02 approached arterial P02 levels; in regions with increased OE F, end-capillary P02 was re duced. A systematic evaluation of changes in end capillary P02 in stroke patients is a subject for fu ture research.
DISCUSSION AND CONCLUSIONS
The supply and distribution of oxygen in the brain have been the subject of investigation for many years. Theoretical calculations by Krogh in 1919 gave the first suggestion that three-dimen sional O2 pressure fields should exist in the brain. With the development of appropriate P02 elec trodes, it became possible to make direct observa tions on animals (Silver, 1965) . Experimental mea surements using the microelectrode technique show evidence of a distribution of P02 values (Len iger-Follert, 1985) , as suggested by theory. Refine ments to the theory have been developed by several investigators (e.g., Bruley et aI., 1971 ), but it is evi dent that the results are sensitive to modeling as sumptions, such as specific capillary bed geometry. From the in vivo imaging point of view, it is un likely that it will ever be possible to visualize the P02 pressure fields because the variation occurs over intercapillary distances. On the other hand, assessment of P02 variation near an individual cap illary may be unnecessary for diagnostic purposes, and a mean value or "index" of the P02 in small brain volumes (i.e., 1-2 ml) may be valuable in some situations. With a satisfactory theory of ox ygen diffusion, it would be possible to develop theoretical relations between end-capillary P02 and average tissue oxygenation (e.g., Kety, 1957) , but at present it is probablY sufficient to use end-capil lary P02 as an index of tissue oxygenation.
The technique suggested here provides a means of measuring such an index in humans, in vivo, with a minimally invasive procedure. Potential ap plications to stroke disease and evaluation of tumor therapy were mentioned above. Measurements of end-capillary P02 may also provide useful end-point data for comparison with models of oxygen diffu sion in brain tissue. In normal brain, the technique may be applied as a simple extension of the anal ysis of oxygen metabolism, requiring no additional measurements. The principle of this extension rests on the idea that the OEF can be used to calculate the end-capillary oxygen saturation of the blood. The relation between oxygen saturation and P02 is obtained through the oxygen dissociation curve. Ou r analysis shows that in addition to the local OEF, arterial P02 and pH values are needed in the calculation, whereas nominal values may be used for Pco2, hematocrit, hemoglobin, and plasma pro tein since fairly large variations in these factors have little or no effect. Rough estimates of end-cap illary P02 can be made using standard O2 dissocia tion nomograms. Blood gas and acid-base proper ties of blood have been known for decades, making it possible to account accurately for individual dif ferences that may be encountered in patients. For Frackowiak et al. (1980) and by Lebrun-Grandie et al. (1983) found OEF to be �0.48, with no difference between white and gray matter; but later studies by and and by Pan tano et al. (1985) pointed out the need for a CBV correction, particularly in acute stroke and tumor where CBV may be elevated. With CBV correction in normal subjects, found OEF to be 0.37 ± 0.04 in gray matter and 0.41 ± 0.03 in white matter, while Pantano et al. found OEF to be 0.45 ± 0.12 in gray matter and 0.46 ± 0.11 in white matter. The review of arteriovenous measurements given by Siesjo (1978) 
